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The energy losses of ions of myoglobin and cytochrome c in collisions with Ne, Ar, and Kr 
have been measured with a triple quadrupole mass spectrometer system. The results have 
been interpreted with drag coefficients, suitable for the case of an object moving through a low 
density gas, to give collision cross sections or, equivalently, projection areas. For a given charge 
state, these cross sections with Ne, Ar, and Kr are nearly identical. No evidence is found for 
substantial contributions to the cross section from ion-induced dipole forces. Comparisons of 
cross sections obtained with different gases and comparisons to literature cross sections 
measured by ion mobility suggest that a “diffuse” scattering model, suitable for collisions with 
a rough surface, gives the best description of collisions between protein ions and neutrals. 
(J Am Sot Mass Spectrom 1997,8,681-687) 0 1997 American Society for Mass Spectrometry 
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ollision cross sections of protein ions with neu- 
tral gases are of interest for at least two reasons: 
(il they are required for modeling the transport 
of ions through low density gases [l-4] and (ii) they 
provide insights into the structures of gas phase protein 
ions. Two methods have been used to determine these 
cross sections, ion mobility [5-101 and energy loss exper- 
iments [ll-141. In mobility experiments, ions are injected 
into a cell where they drift under an electric field; the drift 
speed is measured and related through a collision 
integral to the size of the ion or collision cross section 
[15]. In energy loss experiments, ions are injected into a 
radio frequency quadrupole and the loss of kinetic 
energy from collisions with a neutral gas is measured 
and related to the cross section through kinetic theory. 
The dynamics of protein ion neutral collisions are 
largely unknown. The contribution of the ion-induced 
dipole potential to the cross section determined in 
energy loss experiments has not yet been assessed in 
detail. Initial experiments showed that collision cross 
sections were 2 to 5 times greater than expected from 
this polarization potential Ill]. However, some contri- 
bution from the ion dipole attraction may remain. In 
addition, it has also been suggested that the dipole 
moment of the ion may contribute significantly to the 
interaction potential and hence the cross section [lo]. 
For mobility experiments with He buffer gas, it has been 
calculated that the contribution of the ion-induced dipole 
term to the cross section is very small due to the low 
polarizability of He and the large size of protein ions ]6]. 
To date, the energy loss experiments have been 
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interpreted with a simple hard spheres model that 
neglects the thermal motion of the collision gas and 
assumes an average center-of-mass scattering angle of 
90” [ll]. While simplistic, this model has the advantage 
of giving simple analytical expressions for the energy 
loss. Comparison of cross sections measured by the 
energy loss method to those obtained by mobility or to 
those of proposed ion structures requires a more real- 
istic model of the collision process. An improved model 
based on drag coefficients has been proposed but not 
yet evaluated in detail 1141. 
Here we have measured the energy loss of myoglo- 
bin and cytochrome c ions in collision with Ne, Ar, and 
Kr. These gases differ significantly in their polarizabili- 
ties, and so allow an assessment of the contribution of 
ion-induced dipole polarization forces to the collision 
cross section. They also differ significantly in their thermal 
speeds and so allow an assessment of the effect of target 
gas motion on the energy loss experiments. The energy 
loss data are interpreted with drag coefficients from the 
literature (reviewed here). The results show the limita- 
tions of the simple model previously used to interpret 
the energy loss experiments. The drag coefficients give 
cross sections equal to the average projection area. 
These cross sections for different collision gases are 
found to be nearly identical. No evidence is found for 
substantial contributions of ion-induced dipole or other 
polarization forces to the cross section. Comparison of 
the cross sections among different gases and compari- 
son to literature cross sections from mobility experi- 
ments suggests that a “diffuse” scattering model, suit- 
able for collisions with a rough surface, is most suitable 
to describe collisions between protein ions and neutrals. 
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Figure 1. Triple quadrupole system. S, electrospray source; N2, nitrogen “curtain” gas; 0, sampling 
orifice; SK, skimmer; QO, rf only quadrupole; PF, prefilter; Ql, mass analyzing quadrupole; Q2, rf only 
quadrupole collision cell; Q3, mass analyzing quadrupole; D, detector. 
Experimental 
Experiments were done with the triple quadrupole mass 
spectrometer system shown in Figure 1. Protonated ions 
formed by pneumatically assisted electrospray pass 
through a dry nitrogen curtain gas, a 0.25 mm diameter 
sampling orifice into a region with a background pressure 
of 2 ton; a skimmer with 0.75 mm orifice diameter (orifice 
to skimmer potential difference, 110 V), to a radio&- 
quency (rfl only quadrupole (QO, pressure 7 X 10e3 torr). 
Ions are cooled by collisions in QO to energy spreads of 1 
eV or less [ll. Ions then pass through Ql (pressure 2 X 
10e5 torr) operated in rf only mode and are injected into 
the collision cell with 10 i eV of kinetic energy, where i is 
the number of charges on the ion. The entrance and exit 
apertures to the collision cell were 1.25 mm in radius, the 
field radius of the quadrupole 4.16 mm, the collision cell 
length 20.6 cm, and the rf level about 0.76 that on Q3 to 
give a Mathieu 4 parameter [16] of -0.54. The pressure in 
the cell, typically 1 X 10d4 to 1 X 10m3 torr, was measured 
with a precision capacitance manometer (MKS type 120 
high accuracy pressure transducer, manufacturer’s stated 
accuracy 0.12% of reading). The kinetic energies of ions 
leaving the collision cell were measured by increasing the 
rod offset on quadrupole 3 (Q31 to generate a stopping 
curve as described previously [ll]. Collision gases were 
Praxair (Mississauga, Ont., Can.) Ne UHP grade (99.996% 
purity), Ar Linde grade 99.9995% purity, and Kr research 
grade 99.995% purity. Solutions were Mb [Sigma 
(Oakville, Ont., Can.) horse heart] 5 /.LM in l/l deionized 
water/acetonitrile and 0.1% acetic acid and cytochrome c 
(Sigma horse heart) 5 PM in l/l deionized water/aceto- 
nitrile and 0.5% formic acid. Cross sections for Mb ions 
measured on 8 separate days were reproducible to +2.2% 
(relative standard deviation). 
Drag Coefficients 
The drag coefficient, C,, relates the force on an object 
moving with speed u through a gas to the cross sec- 
tional area or projection area, A, through 
dV Anm,v2 
F=m,z=-CD 2 
where F is the drag force on the particle, m, is the 
particle mass, n the gas number density, and m2 the 
mass of the bath gas particle 1171. In general, CD varies 
with (i) the gas density, viscosity, and object’s speed, 
through the Reynolds number, (ii) the ratio of the mean 
free path of the collision gas A to the object size (the 
Knudsen number), and (iii) the ratio of the object speed 
v to the thermal speed of the gas. The latter is com- 
monly expressed by the speed ratio s, given by 
V 
s= - 
J2kT/m2 
(2) 
where k is Boltzmann’s constant and T the gas temper- 
ature. For all the experiments discussed here, the Reyn- 
olds number is zero and the Knudsen number very 
high. 
Scattering from the surface of the object has been 
modeled as “specular” where the component of mo- 
mentum parallel to the surface is conserved and the 
component perpendicular is reversed, and “diffuse” 
where all memory of the incident momentum is lost and 
gas leaves the surface in a cosine distribution about the 
normal to the surface [17-211. For a sphere, specular 
scattering is equivalent to the familiar hard sphere 
scattering. Diffuse scattering applies where gas is ac- 
commodated on the surface before being reemitted. It 
also applies to the case where the surface is rough and 
multiple collisions with concave regions can lead to a 
pseudorandom distribution of scattering angles. For 
small aerosol particles, diffuse scattering has generally 
given the best fit to experimental data [19-221. 
The drag coefficient can be calculated by considering 
the momentum transfer from incident gas striking the 
surface and from scattered gas leaving the surface, 
integrated over all scattering angles and the appropriate 
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thermal distribution of speeds. Epstein [19] first calcu- 
lated the force on a sphere in a low density gas for low 
speed ratios, i.e., s < 1. 
Writing Epstein’s results in terms of a drag coeffi- 
cient defined by eq 1 leads for specular scattering to 
16 1 
cD, = 7- 
3v’lr s 
(3) 
and for diffuse scattering 
C 
13 16 1 
““=s+ (4) 
where Co, is the drag coefficient for specular scattering 
and C,, the drag coefficient for diffuse scattering. Note 
that the force on the sphere is greater where diffuse 
scattering applies. 
Stalder and Zurick [20] calculated the drag coeffi- 
cient for a sphere for the general case of all speed ratios 
and found, for specular scattering, 
and for diffuse scattering 
2& 
erf (sj + - 
3s 
(6) 
(This work has been cited in a text 1171 but with a 
typographical error, see [22].) Henderson has given a 
summary of all theoretical and experimental data for 
drag coefficients up to 1976 [21]. Diffuse scattering was 
in general found to give the best fit to experimental 
data. Henderson proposed for s > 1 
1.058 IT, 1 
C D,i=2+$+- s ]ly--z (7) s 
and for s < 1 
4.07 
C Dd = - + 0.6s 
S 
In eq 7, T, is the wall temperature of the object, which 
can differ from the gas temperature T. The Henderson 
equations correspond to a mixture of 90% diffuse scat- 
tering and 10% specular scattering. 
Tolmachev et al. have modeled ion motion with 
collisions in an rf only quadrupole taking into account 
6, 
0 1 2 3 4 5 6 7 8 
s 
Figure 2. Drag coefficient CD vs. speed ratio s for (a) Stalder and 
Zurick model with diffuse scattering; (b) Stalder and Zurick model 
with specular scattering; (c) Henderson’s equation; and (d) spec- 
ular scattering with the model of Tolmachev et al. 
the thermal motion of the gas [3]. Hard sphere collisions 
were used and all gas molecules were given the same 
thermal speed, but random directions of motion. The 
resulting equations of motion for the ion can be ex- 
pressed in terms of a drag coefficient, and for s > 1 lead 
to 
&=(&j [2+2-&l (9) 
and for s < 1 
Finally, the simple hard spheres model used previously 
by Covey and Douglas [ll], with no thermal motion of 
the gas, corresponds to specular scattering with CD, = 
2.0. 
Values of CD, calculated from eqs 5-7 and 9, are 
shown in Figure 2. For the experiments here, the speed 
ratio varied from 2 to 7, giving values of C, from 3.1 to 
2.1. The difference in C, calculated from the specular 
and diffuse models is 20% at s = 2, decreasing to 10% 
ats = 7. 
To apply the drag model to calculate protein cross 
sections, the energy losses of ions in the collision cell are 
fit to 
E 
i 
C~rlrn,Ul 
E,=exp - m, i 
(11) 
where E, is the energy with which an ion enters the cell, 
E the exit energy, n is the gas number density in the cell, 
u the cross section, 1 the ceil length, m, the protein ion 
mass, and m2 the collision gas mass [14]. Cross sections 
determined in this way are equal to the projection area. 
Energy loss ratios E/E, in the experiments here are 
typically 0.5 or less, corresponding to ratios of ion speed 
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Table 1. Coefficients c in eq 12 
Specular/ 
Author Reference Specular Diffuse Diffuse 
Epstein I191 3.01 4.35 0.69 
Stalder and [201 3.39 4.56 0.74 
Zurick 
Henderson I211 4.07 
Tolmachev et al. I31 3.01 
Mobility theory [I51 3.01 
and hence s for ions entering and leaving the collision 
cell of 0.7. For s = 2 (worst case), this gives a change of 
Co of 20% over the collision cell length; more typically, 
for s = 3.5, CD changes by less than 10%. We thus 
approximate C, as constant for analysis of the experi- 
mental data. 
The concept of the drag coefficient may also be 
applied to ion mobility experiments. For the low speed 
ratios, s << 1, of the mobility experiments the drag 
coefficient can be written 
CD2 (12) 
S 
where c is determined by the model used to calculate 
the drag coefficient. Values of c for the models dis- 
cussed here are shown in Table 1. These were deter- 
mined by expanding the expressions for CD in powers 
of s and keeping only the coefficient of the term in s-r. 
In mobility experiments, the drag force on an ion is 
balanced by the electric force 4% (4 the charge on the 
ion, g the electric field) so that 
C,Anm,v: 
4%= 2 (13) 
which leads to 
,i2 r 1 111 
Vd = - 79%7-- 
c ;m* $kT n A 
(14) 
where vd is the ion drift speed. For comparison, mobil- 
ity theory, which calculates the velocity distribution for 
the ion, not just the drift speed, gives 
\15G 1 1 l/2 111 
-+- 
vd =16 m, ??I2 [ 1 98-=-- ,ikT n fl (15) 
where fi is a collision integral [15]. For collisions of hard 
spheres, fl = ra’, where a is sum of the radii of the 
spheres and so n equals the projection area A. For the 
case where m, >> m2 (protein ions), the mobility 
formula for hard spheres gives the same drift speed as 
that derived from the drag coefficient for hard spheres 
(or equivalently the same C,, Table 1). For diffuse 
scattering, there is a greater average momentum trans- 
fer to the ion per collision, the value of c in eq 14 is 
increased, and the drift speed for a given projection area 
A is reduced. The magnitude of the decrease is given by 
the ratio of the factors c in Table 1. Thus, if diffuse 
scattering applies to protein ions, the collision integral 
R determined from the mobility eq 15 should be re- 
duced by 0.74, to give the projection area A, using the 
drag calculations of Stalder and Zurick (or X 0.69 using 
Epstein’s drag equations). Shvartsburg and Jarrold have 
performed scattering calculations for He with carbon 
clusters and concluded that the collision integral, a, can 
exceed the projection area by 20% or more [23]. The 
difference between R and the projection area was 
greatest for ions with concave surfaces that can lead to 
multiple scattering events. This difference was greatest 
for large clusters of Cho, which are roughly the size of 
protein ions. For smaller clusters of C,,, Q approached 
the hard sphere projection area A. More recently, the 
work has been extended to include calculations of He 
colliding with cytochrome c and bovine pancreas tryp- 
sin inhibitor [6]. For both proteins, it was found that the 
collision integral, a, is -22%-25% greater than the 
projection area. For comparison to R determined in 
their mobility experiments, projection areas of model 
structures were multiplied by 1.22. Equivalently, to 
determine projection areas from measured mobilities, s1 
should be multiplied by 1 / 1.22 or 0.82. This is similar to 
the factor 0.74 obtained from the drag calculations of 
Stalder and Zurick and suggests that the diffuse scat- 
tering model may be suitable for protein ions. For small 
ions such as C&, specular scattering (hard spheres) is 
more likely to apply and fi is equal to the projection 
area. 
Results and Discussion 
Figures 3a and 4a show cross sections for myoglobin 
(Mb) and cytochrome c ions in collision with Ne, Ar, 
and Kr, calculated from the simple model of Covey and 
Douglas Ill]. It is seen that for a given charge state, the 
cross sections apparently decrease in the order Ne > 
Ar > Kr. Because both the polarizabilities and van der 
Waals radii of the gases increase in the reverse order, 
i.e., Kr > Ar > Ne, it is reasonable to expect the cross 
sections to decrease in the order Kr > Ar > Ne 
irrespective of the details of the collision dynamics. The 
apparently nonphysical results of Figures 3a and 4a 
derive from neglecting the thermal motion of the target 
gas. Cross sections for Mb and cytochrome c calculated 
using drag coefficients with the specular scattering 
model (eq 5) are shown in Figures 3b and 4b. For a 
given charge state, the cross sections are nearly equal. 
The cross sections are reduced from those obtained in 
the simple model because C,, is greater than 2.0. For a 
given ion energy, this increase in Co, is greater for 
lighter gases that have higher thermal speeds and 
therefore a lower speed ratio s. This gives a correspond- 
ing greater drag force for a given cross section or 
projection area (for a given mass of the collision gas). 
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Figure 3. Collision cross sections for Mb ions vs. charge state Figure 4. Collision cross sections for cytochrome c ions vs. 
calculated from the energy loss with (a) the simple model of charge state calculated from the energy loss with (a) the simple 
Covey and Douglas; (b) drag coefficients with specular scattering; model of Covey and Douglas; (b) drag coefficients with specular 
(c) drag coefficients with diffuse scattering; open circle: Ne; filled scattering; (c) drag coefficients with diffuse scattering; open circle: 
circle: Ar; open diamond: Kr. Ne; filled circle: Ar; open diamond: Kr. 
Cross sections calculated using the drag coefficients 
with the diffuse model (eq 6) are shown in Figures 3c 
and 4c. The cross sections are again reduced from those 
of the specular model because of an increased Co. The 
cross sections now appear in the order Kr > Ar > Ne. 
These cross sections are equivalent to the projection 
areas of the ions. 
Polarizabilities for the collision gases are shown in 
Table 2 [24]. In the Langevin model [25], the collision 
cross section is given by 
(16) 
where i is the number of charges on the ion, vu,,, is the 
relative velocity of the collision partners, /3 is the 
polarizability of the collision gas, and p the reduced 
mass of the collision partners [p = m,m,/(m, + m,)]. 
The differences in the polarizabilities and masses of the 
gases lead to cross sections in the ratio 0.70:1.00:0.85 for 
Ne, Ar, and Kr, respectively, for any given charge state. 
The cross sections determined from the drag model do 
not show these differences. Any residual contribution 
of polarization forces to the cross sections must be 
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small. Cross sections determined with the diffuse model 
for the drag coefficients show a slight increase from Ne 
to Ar to Kr. While this increase may derive from 
polarization forces, it can equally be attributed to a 
small contribution to the collision cross section from the 
size of the collision gas. If the collision of the protein 
(radius rl) and gas (radius r2) is modeled as collisions 
of spheres, the cross section is n(~, + r,12. Using van 
der Waals radii of 1.60, 1.92, and 1.97 A for Ne, Ar, and 
Kr, respectively [26], and calculating the protein radius 
from the cross sections of Figures 3c and 4c gives the 
same protein radius for each charge state within 3%. 
This suggests that the diffuse scattering model with a 
small contribution from the size of the target gas may be 
the most appropriate. 
More persuasive evidence in favor of the diffuse 
scattering model comes from comparison of these cross 
Table 2. Atomic polarizabilities (10m2” cm”) 
He 0.205 
Ne 0.395 
Ar 1.64 
Kr 2.48 
Xe 4.04 
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Figure 5. Comparison of cross sections for cytochrome c ions 
determined here to those determined by ion mobility [6]; (a) with 
specular scattering models; (b) with diffuse scattering models. 
Open triangle: ion mobility at low injection energy; filled dia- 
mond: ion mobility at high injection energy; open circle: Ne, this 
work; filled circle: Ar, this work; open diamond: Kr, this work. 
sections to those obtained from mobility experiments. 
Shelimov et al. have reported collision cross sections for 
cytochrome c ions obtained in mobility experiments 171. 
The mobility cross sections interpreted using the hard 
sphere formula with 0 equal to the cross section (eq 15) 
are shown in Figure 5a and compared to cross sections 
determined here, interpreted with the hard sphere 
model for the drag coefficient C,,. It is seen that the 
mobility cross sections exceed the energy loss cross 
sections by -30% except for the lowest charge states 
+8, +9. For these charge states, several conformations 
were detected in the mobility experiments. The energy 
loss experiments have difficulty detecting multiple con- 
formations except in favorable cases. The mobility cross 
sections can be converted to those that would be found 
if a diffuse scattering model were suitable by reducing 
them by a factor of 0.74 (Stalder and Zurick’s model 
1201). These can be compared to cross sections from the 
energy loss experiments interpreted with drag coeffi- 
cients based on diffuse scattering. The data are shown 
in Figure 5b. The agreement between the cross sections 
is much improved, with the mobility cross sections 
being slightly greater. 
Javahery and Thomson have reported mobility cross 
sections for positive myoglobin ions in charge states 8, 
9, 11, 13, 15, and 17 using nitrogen as the collision gas 
[lo]. In Figure 6a these data, interpreted with a hard 
spheres model (Kl equal to projection area), are com- 
pared to cross sections determined here from the energy 
loss experiments interpreted with specular scattering 
drag coefficients. The mobility cross sections consis- 
tently exceed those from the energy loss experiments. 
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Figure 6. Comparison of cross sections for Mb ions determined 
here with those from ion mobility [lOI. (a) With specular scattering 
models; (b) with diffuse scattering models. Open circle: mobility 
data (N, collision gas); filled circle: this work; for clarity, only the 
Ar data are shown. 
The average difference between cross sections deter- 
mined by the two methods is 21%. Mb mobility cross 
sections, corrected for diffuse scattering (i.e., x 0.74), 
are compared to energy loss cross sections determined 
here with the drag coefficient calculated for diffuse 
scattering in Figure 6b. The agreement is improved. The 
average difference is about 5% for Ne, Ar, and Kr. 
The agreement between cross sections obtained by 
the energy loss method and by mobility methods when 
both are interpreted with diffuse scattering models 
suggests that this model is preferred for protein ion 
scattering. The improved agreement over specular 
models derives from the fact that the difference in cross 
section between the two models is -10%20% for the 
energy loss experiments and -2O%-30% for the mobil- 
ity experiments. A greater correction factor applies to 
the mobility experiments. Somewhat better agreement 
between cross sections determined by the two methods 
could be forced by using different models for the drag 
coefficients (e.g., 90% diffuse scattering plus 10% spec- 
ular scattering [19,21]) but, given the approximations in 
the models and uncertainties in the experiments, this 
has not been done. In addition, the collision dynamics 
may differ somewhat between the different energy 
ranges of mobility and energy loss experiments. 
The discussion of drag coefficients here has been for 
spheres. Highly charged ions may well have extended, 
approximately cylindrical, shapes. Calculations of drag 
coefficients for cylinders show that the drag coefficient 
is largely independent of the ratio of the length to 
diameter and is close to that for a sphere if the average 
projection area is used [27]. Thus, cross sections derived 
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from the drag model give the projection area for the ion 
averaged over all orientations. It is of interest that the 
drag coefficients can be used to model motion of a 
particle that has a different temperature from the bath 
gas (eq 7). The drag force is increased for a hot ion in a 
cooler gas. This may be useful as a first approximation 
to model the motion of excited protein ions in energy 
loss or other experiments. 
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